Organic light-emitting diodes (OLEDs) promise highly efficient lighting and display technologies. We introduce a new class of linear donor-bridge-acceptor light-emitting molecules, which enable solution-processed OLEDs with near-100% internal quantum efficiency at high brightness. Key to this performance is their rapid and efficient utilization of triplet states. Using time-resolved spectroscopy, we establish that luminescence via triplets occurs within 350 nanoseconds at ambient temperature, after reverse intersystem crossing to singlets. We find that molecular geometries exist at which the singlet-triplet energy gap (exchange energy) is close to zero, so that rapid interconversion is possible. Calculations indicate that exchange energy is tuned by relative rotation of the donor and acceptor moieties about the bridge. Unlike other systems with low exchange energy, substantial oscillator strength is sustained at the singlet-triplet degeneracy point.
S
ince the demonstration of thin-film organic light-emitting diodes (OLEDs) in the 1980s (1, 2) , these devices have evolved from laboratory curiosity to global industry. The efficiency of an OLED is fundamentally governed by the spin of bound electron-hole pairs (excitons), which form through the recombination of injected electrons and holes. The ratio of emissive singlets to dark triplets formed from randomly spinpolarized electron and hole currents is 1:3, setting a limit of 25% internal quantum efficiency (IQE) for fluorescent OLEDs. The exchange energy (singlettriplet energy gap) is generally large and positive, around 0.5 eV. Therefore, triplets cannot usually undergo intersystem crossing (ISC) to emissive singlets. Phosphorescent OLEDs, which utilize the heavy-atom effect in platinum or iridium compounds to render triplets emissive (3, 4) , and thermally activated delayed fluorescence (TADF) OLEDs, which are based on thermally promoted tripletto-singlet up-conversion for systems with low exchange energies (5), enable higher efficiencies. Here we show submicrosecond luminescent harvesting of triplets in a new family of linear copper and gold carbene-metal-amides (CMAs). Importantly, this requires rapid ISC from the triplet state, which is enabled in this family of compounds at molecular configurations where the exchange energy is near zero, resulting in extremely efficient electroluminescence (EL).
We have recently shown that two-coordinate complexes of copper and gold based on cyclic (alkyl)(amino)carbene ligands (CAACs) (6) can exhibit extremely high solid-state photoluminescence quantum efficiencies because of the lack of strong intermolecular interactions (7) . To explore their use in OLEDs, we designed and synthesized CMA compounds (CAAC)AuCz (CMA1), (CAAC)CuCz (CMA2), (CAAC)AuNPh 2 (CMA3), and (CAAC)AuDTBCz (CMA4) (Fig. 1A) (Cz, carbazole anion; Ph, phenyl; DTBCz, 3,6-di-tert-butylcarbazole anion). They are soluble in a range of organic solvents, do not undergo ligand rearrangement, and are thermally stable to >270°C (table S1) (8) . Their stability and solubility render them well suited for solution processing, and their high decomposition temperatures allow the possibility of vacuum sublimation. 1B and fig. S1 ) (8) .
To use this new class of emitter in OLEDs, we developed a multilayer device structure with all organic layers solution-processed. A~180-nm polymeric hole-transport/electron-blocking layer of poly[9,9-dioctylfluorene-co-N-(4-butylphenyl) diphenylamine] (TFB) was deposited on poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) from toluene solution without additional cross-linking (9) . A~20-nm emissive layer comprising CMA1, -2, -3, or -4 dispersed as a guest emitter in a poly(9-vinylcarbazone) (PVK) host (4, 10) was deposited from dimethylformamide solution. A~70-nm bathophenanthroline (BPhen) electron-transport/hole-blocking layer was deposited from methanol solution. From thickness profilometry, we found that sequential deposition of these solution-processed layers did not cause measurable thickness reduction of any of the underlying layers, suggesting minimum intermixing at the multilayer interfaces. The device energetic structure is shown in Fig. 1C . Figure 1D presents the maximum external quantum efficiency (EQE) histogram of 182 OLEDs using CMA4. EL spectra and EQEs of the best OLEDs are shown in Fig. 1E and Table 1 (additional data are given in fig. S2 , A and B) (8) . Angleresolved EL profiles showed Lambertian emission ( fig. S2C ), as is typical for OLEDs without microcavity outcoupling (11) , allowing accurate estimation of EQE from on-axis irradiance. Commission International de l'Éclairage color coordinates showed no variation with EQE ( fig. S2, D and E) . The EQEs of the best devices at practical luminance (100 and 1000 cd m ) are >25%. The precise structural control offered by vacuum sublimation usually enables superior performance, but the metrics of our solution-processed devices are comparable to, or exceed, those of state-of-the-art OLEDs (5, 12) and quantum-dot LEDs (13) . At suitable brightness for display applications, we achieved the highest quantum efficiencies reported for any solution-processed LEDs without enhanced optical outcoupling (13, 14) . Assuming outcoupling efficiencies of 20 to 30% for planar OLEDs (5, 11, 13), we infer a close-to-unity (80 to 100%) IQE for the best devices (using CMA1 and -4).
Time-resolved EL measurements show that emission occurs entirely via a submicrosecond delayedemission channel (Fig. 1, B and F) and that there is no prompt (nanosecond) component, which would usually distinguish between geminate singlets and triplets (15, 16) . These data imply that all excitons, regardless of initial spin, contribute to luminescence. The EL lifetime decreases with increasing current density, likely as a result of bimolecular processes (17) .
To understand the emission mechanism of CMAs, we measured transient photoluminescence (PL) and absorption (TA) spectra of spin-cast films. All compounds show a <1-ns prompt PL component and a delayed component whose lifetime is strongly temperature-dependent ( Fig. 2A) . Time-resolved PL spectra of CMA1 on nano-to microsecond time scales at 300 K (Fig. 2B) show a redshift of the PL peak between prompt and delayed emission from 490 nm at 0 to 2 ns to~540 nm at later times. The prompt emissive species is therefore spectrally distinct from the delayed emissive species. At 300 K, the delayed emission accounts for >99% of the PL and is reversibly quenched by oxygen ( fig. S3) (8) . Figure 2C presents ultrafast (femtosecond to picosecond) PL (18) of CMA1 neat films at 300 K. Emission is characterized by a single component with a 4-ps lifetime. Its initial peak at 470 nm shifts to~480 nm within 500 fs and then stabilizes, consistent with the 0-to 2-ns prompt component identified in Fig. 2B . Picosecond-microsecond TA measurements (Fig. 2D) show that the initial photoinduced absorption (PIA) near 680 nm, from the singlet exciton, converts to a single long-lived species on the same time scale as the initial PL decay (Fig. 2G ), which we assign to triplets. The triplet possesses two other covarying PIA features in the near-infrared range ( fig. S4 ) (8) . Both the singlet and triplet PIA spectra agree semiquantitatively with calculated excited-state transitions ( fig. S5 and table S6) (8) . The triplet PIA lifetime is~300 ns at 300 K (Fig. 2D) . We infer that ISC to triplets occurs within 4 ps after photoexcitation, quenching the prompt fluorescence, so that the majority of excitations pass through the triplet manifold. Triplets thus act as the reservoir for delayed emission.
The delayed emission exhibits two distinct regimes. Below 100 K, it peaks at~510 nm with a~10-ms lifetime, independent of temperature ( Fig. 2, A and B), which we assign to phosphorescence. This phosphorescence redshifts by~5 nm over the first 3 ms, consistent with diffusion of triplets to lowerenergy sites. Above 100 K, the lifetime of the delayed component decreases, dropping to~350 ns at 300 K ( Fig. 2A) , whereas the total PL intensity increases ( fig. S6A) (8) . The 300 K delayed emission is~150 meV lower in energy than the 4 K phosphorescence. The characteristic activation energy (E A ) of the temperature-dependent emission is 45 meV for CMA1 (fig. S6B ); E A and emission lifetimes for CMA2 to -4 are similar ( fig. S7) (8) . A physical model for E A is outlined in the supplementary materials (8) . The PL spectra of the delayed emission in host-guest films are nearly identical to the steady-state EL spectra in devices (Fig. 1B) . EL spectra typically correspond to the lowest accessible excited state, where recombination preferentially occurs. We conclude that at 300 K, triplets formed electrically or after ISC from photogenerated singlets contribute to emission at a rate of~3 × 10 6 s −1
. This very rapid utilization of triplets via the delayed-emission channel enables Di . (E) EQE curves and EL spectra (inset) for devices using CMA1 to -4 dispersed at 20 wt % in PVK. (F) Transient EL curves measured after holding a CMA1 device at various steadystate current densities. tBu, tert-butyl; a.u., arbitrary units; ITO, indium tin oxide. CMA-based OLEDs to maintain efficient operation at high brightness. Identifying its origin is therefore crucial to understanding their high performance.
To establish the nature of the low-energy delayed emission, we turned to the model system of molecular emitters in dilute solution, in which intermolecular interactions are suppressed and structural reorganization is unhindered. Ultrafast PL spectra for CMA1 in chlorobenzene solution (Fig. 2E) show that the PL peak shifts from 470 to 510 nm within 5 ps (Fig. 2F) . This spectral evolution is independent of solvent polarity ( fig. S8) (8) . The bulk of the steady-state emission in solution occurs via the delayed pathway, which peaks at~550 nm (Fig.  1B) . In solution, we therefore observe picosecond geometrical relaxation of the photoexcited molecule, which is coupled to the singlet energy.
Raman spectroscopy of solid CMA1 identifies a cluster of modes around 20 to 30 cm , which originate from C-N and C=C ring stretches on the donor and acceptor moieties. Raman modes mediating electronic transitions that change the polarizability of the molecule, such as the transition from the ground state (S 0 ) to the first excited singlet state (S 1 ), show enhanced activity (19) . These include ring-stretching modes in p-delocalized systems, which couple to p bond order. The strong Raman activity that we observed for low-frequency torsional modes is unusual and indicates that these low-energy rotations couple to the energy of the excited singlet state. In contrast, the analogous rotation of the substituted phenyl of CMA1 (48 to 52 cm
) has a more typical, weak Raman scattering strength, owing to its weak coupling to the S 0 → S 1 transition. The large shift in singlet energy observed over the first few picoseconds in solution is therefore consistent with a rotational relaxation of the molecule about the metal-amide bond. Similar behavior accounts for dual fluorescence in twisted intramolecular charge-transfer emitters (20, 21) , for which relaxation to a twisted geometry is sufficiently slow that luminescence from intermediate geometries can be observed. In solid films (Fig. 2, C and F) , this early-time redshift is absent, consistent with large-scale reorganization, such as rotation, being suppressed in the solid state.
We conclude that at temperatures above 100 K, the submicrosecond redshifted delayed emission in solid films is delayed fluorescence, rather than phosphorescence (which has a~10-ms lifetime below 100 K), with reverse ISC and radiative recombination of singlets as the rate-limiting steps. Prompt fluorescence is outcompeted by ISC to triplets, which occurs in~4 ps. This is consistent with the majority of both photo-and electrical excitations passing through the triplet manifold before emission. During geometric relaxation in solution, singlet emission with energies above, below, and equal to thatofthemeasuredphosphorescenceisobserved, indicating that geometries exist at which singlet and triplet energies approach degeneracy.
To understand the link between molecular geometry and the energetic ordering of singlet and triplet states, the energies and optimized molecular structures of the S 0 , S 1 , and first excited triplet (T 1 ) states for CMA1 to -4 were calculated using DFT and time-dependent DFT (TD-DFT). Groundstate calculations agree closely with x-ray crystal structures ( fig. S10 and table S3 ) (8) . For all compounds, S 0 and the relaxed T 1 states correspond to a geometry with coplanar carbene and amide ligands (denoted by superscript P), whereas in the relaxed S 1 state, the amide ligand is rotated by 90°D relative to the carbene (denoted by superscript R) (Fig. 3A and fig. S11A ) (8) . Both S 1 and T 1 have strong charge-transfer character, with excitation from the highest occupied molecular orbital (HOMO), mostly localized on the amide, to the lowest unoccupied molecular orbital (LUMO), mostly localized on the carbene, contributing more than 90% of the S 0 → S 1 transition (Fig. 3B and fig. S11B ). Extended conjugation through the metal in the coplanar geometry is consistent with charge-transfer states contributing substantially to absorption (Fig.  1B and fig. S1 ). T P 1 is lower in energy than its coplanar singlet counterpart, S P 1 . However, increasing the dihedral angle q allows S 1 to stabilize relative to T 1 . Upon full relaxation, S R 1 is lower in energy than T P 1 , leading to a negative S R 1 -T P 1 energy gap (DE ST < 0), which we term rotationally accessed spin-state inversion (RASI) (Fig. 3C) . During relaxation from S P 1 to S R 1 , the singlet energy therefore passes through the triplet energy, in agreement with PL data. For CMA1, the calculated energy barrier for a full rotation of the metal-amide bond in the ground state is 143 meV, equivalent to the energy of a freely rotatable C-C bond (22) . We therefore consider the relative rotation of the carbene and amide groups about the metal-amide bond to be the singlet relaxation mode identified by spectroscopy.
The stabilization of S 1 by rotation leads to a change of sign of the exchange energy at an intermediate dihedral angle q 0 . We consider that the rapid reverse ISC required to explain both the high delayed fluorescence rate and the high device IQE is achieved at molecular geometries close to q 0 (Fig. 3C) . ISC is likely enhanced by metalassisted spin-orbit coupling. For CMA1, we estimate q 0 to be~45°( fig. S12) (8) , after empirically correcting for calculation errors. The calculated oscillator strength for S 0 → S 1 falls to about zero at q = 90°, but at the singlet-triplet degeneracy point, it is around half of the 0°value, yielding a transition with an extinction coefficient >10 3 
( fig. S12 ). DFT and TD-DFT calculations suggest that in the CMA material family, RASI arises from a stronger electrostatic attraction between electron and hole in the rotated singlet geometry, enabled by the localization of electron density on the metalcarbene bond. In the triplet state, the more delocalized electron density at this bond leads to a weaker attraction, insufficient to overcome the torsional potential associated with increasing the dihedral angle. Electron density maps are presented in fig. S13 (8) . This behavior contrasts with carbenemetal-halide (CMH) molecules involving the same carbene ligands (7) . For CMHs, the calculated DE ST was 300 to 400 meV, too large to allow reverse ISC. The behavior of the CMAs also contrasts with 3-coordinate Cu(I) compounds, in which rotational freedom does not allow spin-state inversion (23) .
Combined, these data provide a framework for understanding the luminescence behavior of CMA emitters in different material phases. Figure 3D presents a schematic of the steady-state PL peak energies of CMA1 in phases with differing access to rotated states. The highest PL energy (2.6 eV) is observed for polycrystalline powders, where all molecules are constrained into a near-coplanar configuration ( fig. S10 ). Spin-cast dilute [1.5 weight (wt) %)] host-guest films emit at 2.45 eV; more concentrated (20%) host-guest films emit at 2.4 eV, whereas neat films emit at~2.3 eV. In the spin-cast amorphous phase, molecules deposited at room temperature will deviate stochastically from the ground-state geometry and exist as a mixture of rotamers, consistent with photothermal deflection spectroscopy of CMA1 neat films showing a broad Urbach tail ( fig. S1 ). Diffusion to a range of rotated states is thus easier in spin-cast films than in crystal and depends on the local density of emitters. Dynamic access to different molecular configurations may also be possible. In the solution phase, molecules dynamically reorganize to the lowestenergy configuration; steady-state emission in solution is at~2.2 eV. We therefore observe a direct correlation between the availability of rotated molecular geometries and the energy of emission, whether such geometries are accessed dynamically or via diffusion.
We have synthesized a new class of materials for high-performance OLEDs that exhibit rapid emission via the triplet state, so that all electronhole recombination events can lead to luminescence. At 300 K, the emission lifetime for CMA1 is 350 ns, considerably faster than that achieved to date in efficient iridium-based phosphorescent emitters (typical lifetimes > 1.5 ms) (24, 25) and efficient TADF emitters (typical lifetimes > 5 ms) (5, 26) . This is possible because of the existence of molecular configurations that achieve low exchange energies while still retaining appreciable oscillator strength, in contrast to TADF materials, for which low exchange energy is achieved at the expense of oscillator strength (27) . Submicrosecond emission is particularly beneficial for efficient highbrightness OLED operation, as we demonstrate, and for avoiding degradation pathways arising from bimolecular annihilation events (17) . 
